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Rotavirus vaccines were introduced in the United States in 2006, and in the years since they have fundamentally altered the seasonality of rotavirus infection and have shifted disease outbreaks from annual epidemics to biennial epidemics. We investigated whether season and year of birth have emerged as risk factors for rotavirus or have affected vaccine performance. We constructed a retrospective birth cohort of US children under age 5 years using the 2001-2014 MarketScan database (Truven Health Analytics, Chicago, Illinois). We evaluated the associations of season of birth, even/odd year of birth, and interactions with vaccination. We fitted Cox proportional hazards models to estimate the hazard of rotavirus hospitalization according to calendar year of birth and season of birth assessed for interaction with vaccination. After the introduction of rotavirus vaccine, we observed monotonically decreasing rates of rotavirus hospitalization for each subsequent birth cohort but a biennial incidence pattern by calendar year. In the postvaccine period, children born in odd calendar years had a higher hazard of rotavirus hospitalization than those born in even years. Children born in winter had the highest hazard of hospitalization but also had greater vaccine effectiveness than children born in spring, summer, or fall. With the emergence of a strong biennial pattern of disease following vaccine introduction, the timing of a child's birth has become a risk factor for rotavirus infection. administrative data; cohort studies; hospitalization; pediatric infectious disease; rotavirus; seasonality; vaccines Abbreviations: CI, confidence interval; HR, hazard ratio; ICD-9-CM, International Classification of Diseases, Ninth Revision, Clinical Modification; VE, vaccine efficacy.
In late 2006, rotavirus vaccines were introduced into the routine infant immunization program in the United States. Both licensed rotavirus vaccines (RotaTeq (Merck & Co., Kenilworth, New Jersey) and Rotarix (GlaxoSmithKline UK Ltd., Brentford, United Kingdom)) are approximately 80% efficacious against rotavirus hospitalization (1) (2) (3) . By 2015, vaccine coverage had reached 73.2% among children aged 19-35 months-below coverage for well-established vaccines such as poliovirus, hepatitis B, measles-mumps-rubella, and varicella, for which coverage is greater than 90% (4).
In addition to providing direct protection for vaccinated individuals, the rotavirus immunization program in the United States appears to have disrupted the epidemiology of rotavirus by interrupting the transmission process, providing indirect protection to unvaccinated persons (3, (5) (6) (7) . Consequently, despite relatively modest coverage, vaccine impacts have been considerable, with approximately 60%-90% reductions in numbers of rotavirus-coded or laboratory-confirmed hospitalizations (3, 8) . In addition, the seasonality of rotavirus has shifted in the United States from a highly regular annual pattern with peaks in February and March during the prevaccine period to a biennial pattern, with less consistent peak timing and irregular local patterns (9) (10) (11) . Introduction of vaccination can increase the interepidemic period (12) , which was predicted by some to occur following mass rotavirus immunization (11) . In the postvaccination era in the United States, it appears that it takes 2 years of new births for there to be sufficient numbers of unimmunized children to sustain transmission. These changes in seasonal patterns could affect the timing of exposure to rotavirus for postvaccination birth cohorts.
While vaccine efficacy (VE) is relatively high in low-mortality settings in North America, Europe, and Asia, at 72%-100% (2, 3) , there is heterogeneity in the VE of live oral vaccines (13) . VE may vary by time of administration, as we observed in the Americas (14) , perhaps driven by seasonal factors such as 1) the cocirculation of other pathogens that might interfere with vaccine immunogenicity; 2) the length of the interval from birth to rotavirus exposure, given seasonal disease and some waning of vaccine immunity; and 3) the different levels of maternal antibody, depending on when children were born relative to the onset of the rotavirus season.
We investigated whether season and year of birth have emerged as risk factors for rotavirus as the seasonality and periodicity of disease have shifted in the wake of vaccination. We also considered whether season or timing of birth interacts with vaccine performance.
METHODS

Data
We constructed a retrospective birth cohort of commercially insured US children under 5 years of age, using data from the 2001-2014 Truven Health MarketScan Commercial Claims and Encounters Database (Truven Health Analytics, Chicago, Illinois) (15) . MarketScan data were extracted from health insurance claims and contained deidentified, individual-level health-care information from various public and private employer-sponsored health plans. The MarketScan database includes more than 100 million patients from over 100 insurance companies (15) , and the data come primarily from large employers; medium and small firms and Medicaid claims are not represented. MarketScan data come from all 50 states.
Exposure and outcomes
Records from children who were enrolled in MarketScan at birth and were continuously enrolled for at least 3 months were included in the cohort, to ensure that any rotavirus vaccine administered to this cohort was captured in the database. We identified rotavirus-associated hospitalizations using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnosis code 008.61 for rotavirus. A discharge was defined as rotavirus hospitalization if 00.861 was coded as the primary diagnosis or listed in any of the 15 diagnosis categories from the inpatient-admission table. Current Procedural Terminology codes 90680 and 90681 were used to identify children who received pentavalent rotavirus vaccine and monovalent rotavirus vaccine, respectively, among the eligible cohort. Recording of vaccine administration was independent of recording of hospitalizations.
Cohort construction
Children whose births were included in the MarketScan data set were considered to be enrolled and eligible for follow-up in the cohort. In order to minimize missing information on vaccination or hospitalizations, we did not include any children who were enrolled in MarketScan at a time after birth. From birth until receipt of the first dose of vaccine (for those receiving at least 1 dose of vaccine), children were considered unvaccinated and were considered to have had 1 dose until receipt of a second dose. Because many studies have shown similar vaccine performance in the United States, we did not distinguish between monovalent rotavirus vaccine and pentavalent rotavirus vaccine in analysis and grouped together children who had received 2 or more doses, regardless of the vaccine. A rotavirus hospitalization was considered a failure event, after which children were excluded from the cohort (i.e., only a single failure event was permitted). Unenrollment from a MarketScan-captured insurance plan or reaching 5 years of age was considered a censoring event.
Statistical analysis
We calculated rates of rotavirus hospitalization according to calendar year of birth, in odd-and even-numbered calendar years, by season of birth. We fitted Cox proportional hazards models with the aim of examining the hazard of rotavirus hospitalization by calendar year of birth, season of birth (winter = JanuaryMarch; spring = April-June; summer = July-September; fall = October-December), and number of doses of vaccine. We used the Breslow method for handling tie failures in the calculation of the log partial likelihood. We calculated vaccine effectiveness as 100% × (1 -hazard ratio). Analyses were performed in Stata 14.1 (StataCorp LLC, College Station, Texas). Vaccination was considered a time-varying exposure covariate, and only children born in the postvaccination era (i.e., those who were age-eligible) were included in VE estimation. To search for evidence of seasonal differences in vaccine performance, we tested for evidence of an interaction between vaccine effectiveness and timing of birth by performing a Wald test for the interaction term.
RESULTS
Among 2.9 million children, we analyzed 3.3 million personyears of follow-up, which included 2,774 first rotavirus hospitalizations (Table 1) . Fourteen (0.5%) and 3 (0.1%) of the rotavirus hospitalizations occurred within 14 days of the first and second vaccine administration, respectively. Rotavirus hospitalization rates ranged from 13.6 per 10,000 person-years to 25. Figure 1B and 1C) .
Prior to vaccine introduction, season of birth had little bearing on rates of rotavirus hospitalization (Figure 2A) , and a child's hazard of rotavirus hospitalization was not dependent on his or Figure 2B ). Following vaccine introduction, children born in odd calendar years had significantly increased hazards relative to those born in even calendar years (HR = 1.35, 95% CI: 1.16, 1.57) ( Figure 2D ). This association was largely driven by high rates among children born in the winter months of odd calendar years (per 10,000 person-years, HR = 5.8, 95% CI: 5.0, 6.7), who experienced relatively high rates of rotavirus hospitalization over their first 3 winters (i.e., up to age 2.5 years). Fall births in odd calendar years had the second highest overall rates (per 10,000 person-years, HR = 4.4, 95% CI: 3.6, 5.3), but these children experienced the majority of their hospitalizations between 12 and 17 months of age, when they passed through an odd-calendar-year rotavirus season (Figure 3) .
Vaccine effectiveness
Overall, we found a high VE in line with previous estimates from this data set and others (Table 2) . VE against rotavirus hospitalization was 74% (95% CI: 66, 81) for 1 dose of rotavirus vaccine and 90% (95% CI: 87, 92) for 2 or more doses of rotavirus vaccine. We saw no evidence of differential VE by age: VE was 87% (95% CI: 80, 91) for children aged <12 months, 90% (95% CI: 86, 94) for children aged 12-23 months, and 93% (95% CI: 86, 97) for children aged 24-59 months. We found evidence that 2-dose VE was marginally lower for children born in spring (84%, 95% CI: 75, 89; P = 0.002), summer (89%, 95% CI: 81, 96; P = 0.056), or fall (88%, 95% CI: 78, 94; P = 0.031) than for children born in winter (96%, 95% CI: 91, 98). However, this significantly lower VE was mainly restricted to children born from April to December in even calendar years, and perhaps children born in spring in odd calendar years.
DISCUSSION
Our analysis demonstrated that in addition to reducing rates of rotavirus hospitalization, vaccination has substantially altered the epidemiology of rotavirus disease in the United States. With the emergence of a strong biennial pattern of disease, the timing of a child's birth has become a risk factor for disease. Children born in odd calendar years (2009, 2011 , and 2013) had substantially higher disease risks than children born in even calendar years (2008, 2010, and 2012) . Children born in odd years had relatively high incidence in the postvaccine era, so these patterns reflect the levels of exposure incurred early in life (9) . Disease severity has long been understood to decrease with each subsequent infection (16, 17) , though recent analysis has suggested that age (rather than previous infection) is the determinant of severity (18) . With severity being strongly associated with age, children infected later in life will be less likely to be hospitalized. Thus, children born in odd (i.e., high-activity) calendar years may be exposed in their first year of life, and then before their third birthday they may be exposed again in a relatively large season-that is, a season with high incidence of rotavirus gastroenteritis (odd calendar year). Additionally, children born in even (i.e., low-activity) calendar years are only exposed to a single relatively large season (odd calendar year) before their third birthday, after which hospitalization becomes less likely.
A second important finding of our analysis is that timing of birth may also be a determinant of the degree of protection conferred by vaccination. We found that children born in winter who received 2 or more doses of vaccine had significantly greater protection than children born in spring, summer, or fall. This was an observational study without a strong a priori hypothesis, but we might have expected to see lower protection for children born in winter, because of 1) possible interference of natural infection with vaccine immunogenicity, 2) waning vaccine protection due to a longer gap between vaccination and exposure to their first rotavirus season, 3) seasonal maternal antibodies that interfere with vaccine immunogenicity (19), or 4) seasonal variations in the susceptibility of the human host (20) . Coinfections may interfere with the immune response to and efficacy of live enteric vaccines. For example, having a concurrent nonpoliomyelitis enterovirus at the time of oral poliovirus vaccination significantly reduces seroconversion and vaccine shedding (another indicator of immunogenicity), as does diarrhea at the time of oral polivirus vaccine administration (21) . Similarly, other enteric viruses interfere with wild rotavirus replication (22) . In a previous study, we found marginally lower VE during months in which rotavirus naturally circulated, pooling data mainly from Latin America but also from the United States (14) . Our present findings stand in contrast to those, however, since we found higher VE in the historical rotavirus months (January-March) in the United States. Perhaps children born in the winter had the lowest levels of maternal antibody, since they would have been in utero during the lowest-incidence months. Maternal antibodies are known to interfere with rotavirus vaccine immunogenicity. Alternatively, perhaps pathogens that have a seasonality out of phase with that of rotavirus (e.g., Campylobacter species and Salmonella species) (23) interfere with vaccine immunogenicity in the spring/ summer months. Without a sound biological explanation for these patterns in variation in VE, we advocate for more research from other settings where rotavirus is seasonal and vaccine has been introduced.
The MarketScan data set analyzed here presented us with a unique opportunity to construct a birth cohort study, free from some recruitment-related biases. We were able to identify children born into the data set, continuously followed for a specified period of time, and were able to link their key time-varying exposures (dates of vaccination) and outcomes (rotaviruscoded hospitalizations). Accordingly, we suspect that there was little opportunity for bias in recording the key variables in our study: dates of birth, vaccination, and rotavirus hospitalization. However, the MarketScan data set is built on private health insurance claims, so it is potentially biased in that it does not include children covered by Medicaid, for example.
For our analysis of vaccine performance, we were comparing VE among different groups (akin to a comparative effectiveness analysis) (24) . Therefore, we were looking for small differences in vaccine performance, which we had limited statistical power to detect. Second, it is likely that the case-hospitalization ratio is highly dependent on age, such that children who are infected at a young age are more likely to be hospitalized. Because rotavirus is highly seasonal, teasing apart the potential effects of season of birth, season of vaccination, and age-specific risks is extraordinarily difficult, since these factors are themselves correlated. However, given the size of this cohort and the independence of measurement of birth timing, vaccination, and disease outcome, MarketScan was a robust data source with which to assess these questions. Finally, diagnostic testing and, therefore, coding for rotavirus is probably more frequent at young ages, so any differences observed regarding younger age distributions in high-incidence years could have been accentuated by biased testing of infants. More generally, ICD-9-CM coding is an imperfect measure of rotavirus hospitalizations; the code 008.61 is highly specific (25) but insensitive, so many true rotavirus hospitalizations were probably excluded. In addition, if the sensitivity or (especially) specificity varied over time, VE estimates could have been biased, but we have no reason to think that occurred over the course of the study period or that these parameters would vary for some reason in even and odd calendar years.
A related issue is that misclassification of rotavirus hospitalization probably increased over time as prevalence decreased, resulting in a decreasing trend in the positive predictive value of the rotavirus ICD-9-CM code. This would have served to bias downward VE estimates for lower-incidence strata. This could be one contributor to the lower VE estimate for even-year births compared with odd-year births, for example. We found no association between season of birth and risk of confirmed rotavirus infection in the prevaccine era in the United States. This contrasts with data from England and Wales, where, overall, winter births were at lower risk, but this association was driven by the first year of life, and the association was reversed (winter births at higher risk) in the second-to-fourth years of life (26) . This observed contrast between the United States and the United Kingdom could be due to different age-specific testing practices; for example, if very young children (i.e., age <3 months) are less likely to be tested in the United Kingdom, it may falsely appear that winter births are at lower risk.
In summary, we found that being born in an odd-numbered (high-activity) calendar year, especially in the winter or fall season, emerged as a risk factor for rotavirus infection in the postvaccine era in the United States. These results point out the dynamic nature of rotavirus in the United States and how vaccination has brought about a new endemic pattern of disease. Likely, the postvaccination dynamics have not yet stabilized, and the biennial pattern may continue to evolve. There are already recognized inequities in that children living in households below the poverty line have 10% lower rotavirus vaccine coverage (27) ; here, we have identified other heterogeneities in risk that are unrelated to individual behavior, including vaccine receipt. While season of birth is not a modifiable risk factor, these findings suggest a heighted importance of vaccinating children born in advance of a relatively large forthcoming rotavirus season. In addition, further research into the causes of seasonally varying VE may lead to identification of individual factors resulting in poorer vaccine performance in lower-income settings. We hypothesize that further increasing vaccine coverage may further reduce incidence and the biennial patterns, and in doing so could diminish birth timing as a risk factor for rotavirus infection. 
